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,tMiked&m operation of the bipropellant rocket motor #kt 300 psi

oh4bor pressure wa ooapla. ed, 3tw wstato tests were rue at mixtuo

ratio from .9% to ., and satisfaoto y operatin vas eieved, )irnor

modi ications and revisions neoessary inQo4ed adtion of in automat o

outout fr the squib ignit r and safety fso, and t tion of a powpft

presursed nouule oolant systm to replace the unsatisfatoory shop-owter

* isystem ,used on the she om eries of tents# A det iled breakdowm of the

results of the first Rightm test runs is Inoled later in the report#

the bipropellant flsv modulating unit has been oeskod

atisfastsi)ly at spedo up to L;O00 RPM (200 oYolos per 1ee16) WemW

pressre conditions oorreeponding to those at 300 psi oh ber pressure.

1he mnopelant mitp with a 3 V interi notor raplaoing the V4 H?

drive origlnwa usods has been ohoked satisfaotorily up to 260 oyoles

per seoond mwr typioal pressure oonditlonu

The major effort &wing this report period was conoentrated on

the instrumentation refinement p arm. Redesigp amWi develop sat o the

oathod- f o3owasx used to record mem vaaaem of the osaillating presswee

an reocidi potwtiameterss u3minated in an overall acouraq of * 0006.

"urh t refinemnts and modifioation to calibration teochniques ,used in W

J4-Mu presure pickVsp hay, boon suOessful In obtainin oonsistent

resultsvwithewors'of the order oft of foUsoa. Calibratioms of the

transient data reording system nov under wy indoate that acouaq level##

are attainable Aioh are appreciably better than haye been heretofore

aohisved.

A Oo0wle revision of the central recording room fSaoll3tiao has

been made, pro'vidi% such foatures as univorsal patoh-pael hook*xs 10%
r



J40(0d 00sble "Mneao~ns uwgb9utp rogoutetd p~w su>AN sable

M 911""t POver suJpply# so proer signa VO1=XK Z*QYvi±OfO careful
%%ontion to details of this type has wediaed, the prossure pickp sloal

noise 3'vol, by a factor of from ten to thirty$ with oompawable IWoeuets

JA Other a1iwealt featwov

As Objeet

Do~gs Contract Ni~a $2f3.o wa mdetakcen as a purt of the 4tt

ptlio oearwh pwegmm of the Departmout of Aerommitleal.3gmewm

atfteto to "end~ut an Ivestigat1i of the neal ps'oblm of

eodmtd~o inhtability in liqid pr'opellant rookot engines." Thi ~~m

uhall eon"k 1 of theor'etical unalyses and e#.$mrantal Verification of

theeeym The ultimate objective shan be the collection of sOafidtet d"A

that shall permit the wooket engine desiiwr to pweduc. power p~Iaats wish~

awe welatiyely &00 of the PhenmeiA of ineateb r.y Interest shal eastor

In that form of moW~sto operation %ioh is obarmaorised by high~ frequwey

1 i vibratin and is oomw*4 kowi as wocroemlmg

3o Hilstoary

Aw"Gutis~ ""oium hold at the Naval Neasao labor'atory on the 7th and

8th of Dooombew 3$$Oo Thds intoweet resul.ted in ts'ettia1 ana~yes by

ftessors Me. Smawf1*14 ad Le. (Q'oo of thiv Gentow,
Fwofeiiow Smserdsed's wwkp "Them'y of Unstable COmbIisMo in

* ~4A~44Fft"eUAnt PoCket SYOOW* (JAR8, September 451)'s Considers the

effect@ of both Inertia $n the U4quiS puopellant feed lines end o"AuitSi



6,

A constant rate monopropellant feed syutem w designed and

Pwelinitary designs of the ethylene oxide rooet motor and the

Lnstrumentation ayitems were worked out* SpeciaL features of the projeoted

symtes Incl ied a flow moduLating unit to cause osoillatiam in

popel3ant flow rate# a wetter-coolod atrain-gage presure pioku designed

for fAwoh mounting in the roket chamber# owl everal posile~ mthods

dW mmc measurment of an oscillating propo~ant flow rate*

Bleaobes were mae of the literature for sources of Information

an oodstion instability and otholeno oxids and visits to a number of

motivities working an liquid propolmnt rocket combustion instabi2ity

prvblam were made for purposea of failiarisaton with equipmnt and

Dol basic preeptsl of Grossos thery for comlbustion ilngsbilt7tT

or*re viewed# &W do&Ads.m anays mae for spoijifte patterns of

obinlen distributions

Operational tests and ealibrat ion of th Prinot l cMIT prsswur

pitkup p the va3Ae of t he designp although failure of the pickup

under "au'emins" rocket oonditioms showed the nooessity for modifloation
of OW ow ays emo

Onastruction of the m1at sst, stand and rockot motor
on eonp3aod, Modifications we made to tho Purnioton-IT presswe

Piokvp to provide for higher permisible heat-transfer rates in order that

it be atisfastory for we umder "soreaming" conditios in a bipropeimt

rosket ot Construton aOd preliminary testing of the ho 1wire flow

phametes'nd its asocited equip mt were soploted.

A now oantrts NOe $1-,,,o$ dated I March 1953# was granted by

the Buro of Asronautles to continur the program original started undor
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NO" $2-7)3a. Operation of the monapropellnt rocket motor was begun

under this new oontraot, and hakodoon operations wer oompleted. It was

found tAt doecmposition of ethylene oxide ocould not, be attained with the

original motor design despite mny oonfiguration changes, and it we

dolded to avoid a long and costly development program by operating the

WmorprllntWmotor with small amounts of gaseous oqgeno The reqired

l,,ts of oxgen glow rate ore detumired at several chambur p' ssu'es,

ad it was demonstrated that ,e og n vould probab y have a negligible

eff et on performnoo then osparod to the effect of ethylene ax$& flow

rate modulation* Preliminary tests with flow rate modulation up to 100 eps

were performed for the puposes of systen cooekouts using Interim AC

expiftere in lieua of the necessary Do Instruments.

he time constant of the hot-wire liquid tW phasmaktor us

fooId to be 0,3 m Iseeonds and proerations for Insettans ue t3w

calibrations wore made. A test rig was e onstrutd for this ppo.

A bWip ellaat rocket sysem using liquid oxygen end 00% 04W.1

aleoh ws desi d on the basis of nmopropellant operational experrsieo

Inoorpotating a adjustable-phase flow modulating unit on both propellants.

Injeotor design we based on a configuration used e ztonse by eastio

Operation of the moorpla tm . was performed with flow

modulation at frequencies up to M cpos using a coposit Instrumetation

eyets to measue mean values, applitds of osuilaticn nd phase

difference between ieetor and chamber prossues. Anapis of the results

of this program demonstrated approximate adheonoe to the pressure-ime lg

relatiohip used in Crooos original theoretical treatment. Accuracy

of the meausrements wes not adequate to psovi4e a detailed eowo of the

1K1



t*lwqor hovevw-, so an insrawent reiesoxx #WI developouuit ptogran was
1r*1±atsdo

Tho Mit4 oLn elootrauigsptio floter provetd unsatisfaoto 7

due to equipment IWalfuncti0on and had to be abandoned as a possible means

of ma urng instantaneous flow rates The IL ds7ie flouwto ao 1
o wrienood a numbr of mohanioal failurs# and it was decided to

oonoentrate all flowgemasuremnt effort on the hot-wiro which# of all j
flownters tested# apposred to show the most promising results*

Otnstruotoion of the bipropellmnt test stand was oompleted arid the

stand was put In readiness for operation. Subsequent Wota we preomted
In detal in the preseont report*

A man sin of the spoeeal oam of hightarequmeo ooustiosi

instabity with oonoentrated sombustion and distributed time US has bon

perforwsd. Here, all propellant eloments are asmd to burn at the saim

p i4Ao oatio In the ohamber but are assignwd an arbitra, seady-

state distribution of pressureosensittvo tias lags. The fundamnsutal result

of the analpsl is that distribution of the tim lags has a stabWisint

effeot on combustion as cmpared with the *ase in whioh both spaoe and time

;JDeta of the ana:pis are inoluded an Apn xi to "s prssot

reports+, 4|' , ,I
4
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IV# APPARATUS

As ISopropl wt Rooket M04W

No testtng was perfored on this stand during the repot period

due to activity on the bipropellaut system and the ltrUMMtatIoM

wreloament proram. Raepair to the flow modulti.n unit WON 0eplete4d

and operation ith the pump-progsurised lubrioation System we satiSfstefy

Falre oft the unit to Weed 125 syolus per seoond was traed eenolusivoel

to insuffl gont poier of the U. 8, Motors varidrive and the manufacturer

supplied a * gIP replaommt as an interi measure until the Wsiginal

/ F 1W stator einWd be rewoid to upply I lP, which ia n am rating

for the adstifn Weth the * 1 dive speeds ot 60' oles par

woosd were Aived at $go psi 31mg pressure, and it is estiated that the

Mtheemg 1 mp Iastallatim win eten this ringse up to 175 O I10 peso

ais s eonsidered or',"roI, satisfotor for the next sWIes Of mN-Se

Ipllant test runs.

3. Dips'e.33t Rocket Mter

After aca.tion of preiminary water flow and "weowine heeks#

the liquid oWgen system was dried as eopletely as pOssible in IN 8d,

freet winter tnperaure, and propellnt, flow ohsos were begma It

INs disoovered that the Petter flometer had been ifnatd4uaey 4"pe Ond

had to be baked dry beforee the t sets could be oowpfltod, After satis4fatorY

tier eheeks had been adev providing determination of the proper untes

$se in the liquid oWSM preeooling system and other operating esMpatlm

ohsekout of the pM"teohnio WnWitr revealed that ISreper eleestral

isolation of the safety fuse after burnout caused the safetV system to

operats# prewnting the propellant "a" frm opening. This wae correeted

by addion of a holding relay to look out the entire Igniter electrical

,aI. * .4
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WAeM oft te sattv two had Opened the propellant valveS &44 gatisaaw

operatii wail ashievedo

6 Theso irst xowii' five meeond toot vwie mee not ftlwe34

miighwfitWi in that rou* bu'nin wee woorim*4d The at Satue of

No emusbtion sold not be dotomdned, olne no temuent inutnmantatimn

wee VOW #dUV the sdmAm nom In order toavoid. possibl.e domago to

the mminsn 4mat It as. boliseds bowver that the rough b~"m

ofe "aneed by oqpn Vaporis"Im In the Injector# aMd the liquid onom

food line. were Insulated prier to the fAMt toot vime No wvideness of

twovg busifg 6r instabili4ty we evident an this vim or on &W~ toot vim

on"e tv towr tests PrerI64 the balums o required

opesva dotal e@go# the tim moeearyr for presooling the liquid wwma

line, Via poper NOW"la of the tiMOO&sl saftV outeist (eperated 1w

Meow' Pmeoss) ate*, an a "slatu we'to nae at 30 pei ehome

preSSW Wae vMS bWgiMkIa at Ms eqeMMti& rAtio Of s95 Med imuWaIl"

40t mobsh tm*eeeuM r vpq to a miacbim of 2.3. Xt ane diomwrd after

*a Us. heier* that the liqid as-p romng Talve wes loekimg badiy,

md it wae repAsed. As a veut, Im 36 Indicated a mu'hsd Sepevmmet in

* , ~pw'iwmnwoo 410 a MWe Of tM fMatigr'tio test data Ofa begin.

operstit wee satietawt"q Mn after Rm 18, dAm imeotie of ohe nosuie

rove"le a Mu burout Jt iuimutrem of the throat (lee ?igiu 3.)$ The

eo of the bvww ase trased to inaiaffioiimt itosle oo!iu Water

pressa's %ighl bed falen to tb, Asigbhorhood of 15 psi$ oewthird of Ohe

%mai requiromet 8 *mlia the rise 5eoauwe of this mrellabllity $4 the

.hpw"t mqp2 8* It we decided to ItA21 a po~~reaeurlaed nesola

soosm% e7wtum. A sporo waspam PV$paa~d In Advano4 in sas0 Of snob fWailre



wesinstallodt and a piup and motor of proper opacity were ordored.
~Testing will continua %ton the now nol Mie coolant suppr system has boon

The flow modulating unit has been operated satistctari4 up,

to IM omls per second at 600 psi line pressure and is available for use

in flow calibrations and rocket tasts. Nodulated f3ov operation wil

begin upon conclusion of the instrumentation refinement progeam discusmed

below*

5A marp3Ms voonum'aeketed 31quid oxygen storage tank axd vaewi

Shavbeen procured and installed. The on1 major sesviee items still

mtste n are the tank might glasss fow liquid-lorsl dterminatlon In

SthAo alehol And liquid o n propllant taks.

CS Instrmmtation

1. Pressure Piokps:

A oouWlt history of the various IL-u pickups is presented

hee for review

Differential Pickapes

Vibers I. I 3P the oridal =its# we fitted with the iqwn d

beek.r me o sols, and had eooli% passages modified for hgh beat

teamster retee but pon ealibration we toud to aghibit s

Iqutrseis and no liearity (eer I%). ThW Were ret e"d to %M vende

for ioplaommt of strain tubes and for disPhrap gm usmbY modiaGtimS
,, ,!,noted bolow.

Number 10 was e of the late modeol pickups, incorporatif both

ilpoed back-pressure oealo and modified cooling passfgs It 00 sent

to el ialnft Coporation for vibration and aoceleration toets after

having be"n sAtioaly calbltbratod at Princeton. Upon its return# It ws

,. , , , ," .. ,



toud to be hihly ricalnear and -was returned to the vendor for a new

strain tube and diaporap assmbly modifications noted below,

Numbers 31 and l2, sam lar to Umber 10p were used on

approzlte Oy 40 monopropelanst rooket test runs and numerous flow

oalibrat onso Both pickups have performed owtisaotorily on aLl oceasions

and are available for continued use.

Numbers 23 throiAh 16 are now pickupa, Identloal to Nmbers 1

and Us exoept that tolesenos on the safety-stop spaoer ring bave been

ti.hten ed up to ilpove bysteuae oharaooeriaties These pickups have

not et been ealir1ated.

Absolute Piocyps

fmbr 4 wus rna out on a serseag rocke test st UA and

W ae eparied and modAed to iner as &Ulovblo heat tra o r t eve this

modi flation was apparontly successful# since no bmrouts have sine been

eaprpeiesmedo After omplation of repairs, Number wes re ued to MAGA

tar determination of temperature senitivity In an electric frens at

shieh time one of the strain-gage eloctrical connections failed. This

Me sine. bee repaixed and the pickup is now on Iwan. Full vatet

bvroead stops weir incorporated on the first repair.

limbN e $ WAS used on hY*aulo fUow toftp d Oe ioeu

modbwt t buckling of the strain tube when exposed to water-hammer

oonAtims. The strain t*e s wploed and tb piokup usd on a

nmber of water flow ealibrtions. It was recently returned for installtion

of safety stops to prevet tasision of overloads to the strain tube.
Number 8 has been used n flow stumies and on two blpropollent,

rwet tsts. Cha the second bot a strain-gags electrical emneoticm

ets4ed and the pickup was returned to the vendor for repairs and for

v w - V * . ..-. -.- V A- ** .A4*-4- -' A*-A#~ 9.,,, * * -* ,- 
--
' ' Wv .w a' -, w.*A !. . .
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i.stallation oC safety stop.

Number 9 was used to take valid data on a soresaing rocket motor

at ACA, 34ohanoal bucklng of the strain tube was encountered after the(oond test rua, and the piokup was returned to the vendor fo repUement

of the strain tube and instaL3tion of stOety stops

Diwq Piokq u

lusbeps 6 nd 7 were both used an a number of heat-transfer

tests an uncooled "scoeaming" moto g at WhoA. They ae still available

(at MU£) for additional testing of this type, These "dwmodes" have

stndard diaphragm, ooo3ir11 and dmo am oonfigurations but do not

posess s Iin tubes or elotlrioal 14r

Detail1d Isteresis calibrations of th avlable pickup

oontinued during the report period* Seveal of the pckups were found to

be etire satisfactory both on direct oa.34blation and when calibrated

with the u royed mean-vaLo recording lystems prolhuoif An overall. exror

not exceeding 1% of the differ ential range Howeoep not al piokups

tested performed within these spoeiftoationso In particular, Pickup& 01

and #3# whioh had been ho)4 to a lUnear range of approximately 200 psi,

, A,, werem found to exhibit appr&ciabl nonyearity as w*ll ast ytsresis and

A, I wre returned for Installaton of now strain tube ausemblies as Indicated

above. Upon compltion of torthocuing calibrations on Pickups 013

A, thro 16, all differentiAl piokupe will be revised as necesoary to

' A ' duloIatb the performance of #11 and 032, %hioh exhibit the oati sfator

,auoasy mentioned above*
SThe acceleration tests performed at Bell Airoraft Garporation on;

•Pi~kp #10 were not qutitatiYolr oono:Lu ve, howemr$ no dovation In

IwO signal was observed at shakerwtable frequencies up to 2,000 cps

I.
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(SOPMlOaately 12a mo1 asi celeration). and no effects of o,,trUit*a

ooelaticis up to 28g ie obsew Iod., Conidering the oone ructol of the

piL*op it is probable that aooeleration effects wi l be negligible up to

sArcemel high vgavtlueso but mom confirmation O this feature out

oantualy be obtai edo One factor uhioh mustj howver be quatitatiyely

ehocked with oar is the temperature drift under typica, rocket applioation a.

Plans ae now being made for dotermining this effect n both oooled and

umoooled rocket ohtbers ,under stable and unstable condtions. It has also

never bee detesmined *Ather the diaphragm cooling provisions are

satisfactory under "equilibrium" conditions of hig htf queney instability#

sine the ony available "soresmlng" data has bea obtained on shrt,
i W 000ooeld rocket rus wiLth duratiLons of the order of 8 moonel~ We

question will also be resolved by the use of ooolodowtor testae

Refinmmt of the hot-wire apparatusia esutnuingp idth attention

be ag Aoeumsed mpm both probe and oonstmt-teswaturo mlplifter

dwl #t. A new tnPe of probe, which consists of a fiberglass fi memt

soated *ith tungsten& has yielded much higher resistance (and be

nusitivity) then the original nickel wire, permitting a mwh mmaller

element to be used. Snsitivity tests have also revealed that an orom

inorease in permissible wie towerature has beon made possible by both

the use of tungsten and the high flow pressures prevailing in the sla ted

voe)'et injection system, and a hi"h~ ivmproved transient signal will1 be

amilable in view of the resulting marked increase In probe senritivity.

Mdiftoations to the constant temerast feedback amplififx

And other Plectrola cosm;oets of the hot-wire fUow phaseoser are In

Progress to orect electrical phase-shift in the desired range of operating

7 ,, '- i§7*c 77777+



fro V-swies) *u4 to 'lvel off~ the freqeuwnresyonve uwv at the iw en4o

Aer~e initIAl tostin~ will. be performse & 1)ynamio Oheoke Of the probe OWd

upli±.er a ubinatio am' eqiect to bq made on the onp peatstand

duiogn the nuit report period.

3. Rooi'ding "yte4

Is' PuawPOMe Of o0'gewising the instwumotation reitient program$

the row ftwdig Osten has been broken domu Into towz seotiones aswb.'vau4

reeaismnm, aa*:et 'oowdingpaemauepe and gwweral signal

trwimsean and hand~lng.

(a) Meaweuu recordingo

fte two~ 3eo Item In this system ane the I**&e d Mrt"

sontinaus zmeording potentloeters ra the oathode foLloves uased £Xe

isolating the imn preeswon valuaes two. the tr'anuient pewtiuas of tho

signals. The major problems enoovatered In developeat of this oedduaatiem

on &ifts 44asis due to exessive olectwioal damipig S1PWt0
and omd ocarmtop noises etoo DiSft was eseeatiala elimizated trv ne

of a beamed cathode followr ountpt no reaable 4eviatim being reede

lu over two hams The proper electrical thee ooutaut mwe eebei br

A.~! -~ selctio ofrelet s chiewag m p~mabelues
betiieen etabity end speed of rempeme an o *ww U*Atwwe one

reeede bY VVAg* MOc inet APiga IOe 1d Wieng MUSIFY

swp se The result vas a stable D*09 level reeordif te "aluh wIl

O'pSW'Y Averag an oe0 a4 sg sinal to provide its M "ua s ralnwthi

~ ~ II Two ohanns of the fial eat hode folowvs' deelg wera eenstwtaetod

and shecked out* A third4 chanel is rnow under oonsrduet~ for tbA third

pmw4cu chmlI h im*at140 ht



woooidirnl potentiaotor with 040 Y4111:volt fu1so1deootion ae Uwsd

withtheoatiodw followes

(b) Tr'anuient roootdins

The basic Itom onsist of a fow oh annel cautant-ph o A.O.

*Wlifior# a four ohamnl F4 tape sodorep1 f'our oannels of cathode

tolow for tape playback and a recording mqaetio osoillepeph to

ulti o viewing of the taped WA# The only im so fa dealt with has

ben hw Uape reoodw wih has boan mduted and oheoked for prope

operation of all ocmpononts* The cathode followr have boon designed and

are now neaing oopl3etion in the olotriocs @hope This eiotm will be

oheked out during the forteowing report peiod.

(a) ftwa Aeasuwemto

To possible teemiqies have been oonusidieed depemdif an te

Satwur of t sal) rooived fm the modulated test ruas. If the sipals

noe suitable fr lwVpus filtering* it will be possible to msare an

aveerqpha e shif, over a nmbo o oyles. This l bo dae b

adjnst~ft an X-C phasewshifting nietwork matil the two sigas *se pbase

differoe Is to be m oaswed twm a stwaight-lo Uwajs pattern em tUe

0cill0eeop4 esemon, and reading the amo t of phas-ehUt Noesseary W

aehieve this .ooditIon. This toehnique Implies# hmJve. that suitable

vlov~ *llers aem be construct"d wmoe phansemeift AMd tropmey reponse

in the operating foqurney rang will be satisfotorye A eet of Mudwived

filtes vith d.rp o foU settings of 70 cps# 3.70 sp., and 230 opa we now

either a phasosohirt or freqsomq response stw*Am4xtateveral seetime of
m ude oesstro4.csl heovas it thee. LPts' prove unatsaew 7

sn Ro filter can be easily constructed# the only disadvantage of th latter

being the Oomored eharpnes of outoRf otainable.

I,

. e , 0 *



04"ae the signal is not ameable to fitoakJig a tsohniue has

beft 01vd %*web the phase difference between two nrnms1.mooldal olmals

oem be Noeasutd at eaoh instant ond the outpu~t ecobded sontiamous~p thus

VAVqkiht a, polmt.4 'p~it imidiation of the phave This teobmique

10vlvs tbs om'atioxn of a pvae at the instant the Ya&e of anm A signal

smosm sape and msasursest of the, *4mg between the inoidemee of two

seek pulsem Ini the two sipals Aooe phase diffeene is to bo meamae.d

BMses of the tuaeeeasiod oomlity of maewrmant and anaw~ysim of this
"tg$ howverp it Is haped that the raSw simpols will be of odtilaint
wegulawi*4 to alley the filtering method to be umed,

(4) D~A ta'aamleiuua systmu

JSwh of the kwaouva as reposrted an Previous data takem with the
veodusg qstom use" hs bees doe to the Introduction of spwiow sipal.#

Mhi mlso4mvols and vwimo ther effects qpm the tramamitted sIVnL.*

It s fvm~id poriuawl in the eq'sm used for the presswe pinkups,

Uh~t IaWo~is gromibg of the tuamolson 34s as e responsible for a
3'e umber of aoulating Vemd ownrents wicoh hae the effeet of

LWatieuIa *Xamoeiable 3mm Into the receiving Ininsint. Fuwthe.'ms. the

Imof a lage aber of P20lotmp Sonneotars vs. responsl for' hbg

signa reostainos in the 2on twusissimn linoe. inadequat.e sh*imig ad

Woming of the obleldo created AMl another icremet of noise level

%Mob helped to redue thes ovma2U-aevWao of the signal.

IMe mnt$* data ta'eimisol lia wyeltos was rewked Ad rebuilt

f ~ ~ ~ ~ M $1439W eeazIa %ml iMrVWs poss4ible reducifg the U~W&O Of Plug euWetors

A GOO a lghtemniim and "W.ag extra owe that the sWOOarde iga

oms 'mied at one PsLAO AW 0110 Point on2;l 44101017 at the roesiving

UIsastumt grow bus The proeewe piokup powr m"pUs and baleela



bridge Oirauits wre revi ed to lower their overall. mi donoo to .ound*

&M therefore to out domn their stray hm pielcup* It was fotwd after tho

revised Symot m a ohoked out that the oyeral RNO noise leel, we

redued from a value whioh forsmrly had varied ny'e er from one to three

or four mullivolts down to a consistant vals of le tha 1/10 of one

millivolts This Utter noise level oorrosponds to a resolution of

appimtely I psi with a typioal pressure pickp,

t A oonpleto revision wsa mle of the central recording room

, The raw arrangement provides for universal,patsh-penol bolups

in whoh l lnutrmant, my be applUd to any sensing element Is use in a

matter of a few min ues. Coaxial cable connections were used thrvAgboat in

arder to reduce noise picokup and to maintain proper growwiin of all

sipals. Iitia experienee with the now arrangment has lndfosted a

iw~ qspovemat in operating offois y and Incidence of personnel

wirrse as wll a the previous3 mntimod irpomat in elsetrisal
traaseion~ eharactoriutis.

V. WX/UATX AIQ DATA

A buief resuze of the t~r otihteen test im . on the

bipropellat tet stiand is presented hase* D)etail results "'S

f almmWrN ed tn Table I.

~ N~berl~ . 3 h&,Thee rns ereall made -CM the4

pwpee of bWin4ing osationea data on the test stand It"Sel. No

Inst.n tl a"M Other then bmww m p gages And Potter, flowt we

SW eetrw thes rnea in order a ,od possible deauge to the me dsl at

I
1' '

S * t 4 + ,' ' r .+
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aung sengtrj, Xgpition uas satistaotoxy, but none of the firt tour

rme ma lod to extend to full term (10 seoonds) bosuse of appreiable

combustion rougbriees of an lwrgular type, No detaie intormation an the

haracter of this eonbustion is available booause of the lack of

instumttation, The mixture ratios varied from about ,8 to 1.1 en the

four rww as recorded by Pottertype flowmeters

luns Nuber %, 6. and ? These runs we satisfatory In that

pg & Insulation of the oxae fteed line eliminated the rough, sombustiem

noted on ear3iar tests. Howevr, some of the mine ooholal features ad

operational lustruientation of the test st ad did not operate estl as

required and ewsequnMt3Y these runs Wre not eat re2l Stisfaet"%e

* puns%10 bft 8 tSao 15-1 Theme runs Wre aul pewhwmd lae.

oppureutly normal oonditioms at approximatey 30 p ehimber pressures

* ~~The runs owee of opps'.xima*e3y 10 seonads duration* It we notedate

Run 2S# houvver that the liquid oeijen preeoolt bpess line was "ld

rather sever*V, and this wa repalred.

.m Number. 3 and )A The, runs were made to redes owe

of the points mud on previous tests It ws feund that peoresms was

p esbly higher after the oqgen Lek hd been cooreted and

eoueq'autly a neow mixtuoorasto ore, wa begun, After Wom d'8. boemver,

inspectim of the motw reyea that a mali hole had been bdned In the

nouee just down strem of the hroat., (See F9ur 1) As pointed oVt

The mixttio curve is inclded in figure 20 showing Mhe maxrcedprnevsv this bunout wes adjued to iuiroper nuuue oo l , weuae.

Upwwwwt of the oxygmn Uak ivdoh had apWiently ezisted up to and

inoleadwig Run 03$. The tuew-ratio our"e both for this pressure and hor

the 600 and 900 pst chamber pressures will be ooopeted after dsliver7 of the

tXa4=t per and motor.

. ...-, -, , , . ,.: ,
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APPENDIX A

liIGH-Y7rTQUENOT COUTILM I NSTABliaTINI X1L IQUID

PROPSLXANT ROCKET WITH CONCENTRATED CLS-IBUSTXON AND

DI3'mIBUTED TIHE LAO



LIST.Ol SYMBLS

G 0oh racteriotic time a time required for a sound wave to travel
'the entire length L of the combustion chnber filled with
stagnant burned gao

* jgmenionleo time

- dimenojonless length

- velocity of the gas in unsteady and steady state operation
S0 nondimensionalized by the stagnation speed of sound

,,,* Mach number of the gas flow

- instantaneous values of pressure density, and temperature non-
dimensionalized by dividing with their respective stagnation value

Sdimesionles steady state values of , d

&;I rD r' - dimensionless instantaneous perturbations over their respective
steady state values

£ *; thetIindependant parts Of pressure, density sad velocity
T Jdimensionless instantaneous value of the time lag reduced by the

characteristic time 13 /2

T4C +T

= dimensionless value of the part of the total tim lag which is
inaensitive to oscillations in combustion chamber

* dimensionless steady state value and instantaneous value of the
other part of the total time lag which is sensitive to
oscillations in combustion chamber

- arithmatic mean value of the maximum and the minimum values of the

senoitive time lags oZ a group of propellant elements

A we fractional extent of the spread of the oensitive time lag

wn effective sensitive time lag of a group of propellant elements

magnification factors of the effect of the spread of sensitive

time lags defined in equation (2.13)

w dimensionless distance of the concentrated combustion front from
the injector end expressed as a fraction of the characteristic
length L

',



* insensitive space lag distance travelled by propellanmt element
during insensitive time lag

exponent in the pressure dependence of the time leg a interaction
index

wil- miniwm value of int.,aotion index compatible with any unstable
opcillations in a system

' rate of Injection of the pr6pollant per unit cross sectional
area of the combustion chamber

a rate of the generation of the hot gas from the combustion of the
propellant per unit cross sectional area of the combustion chamber

( *w root of the characteristic equation with the dimensionless tme
as the independent variable

w dimensionless amplification coefficient

Cau a dimensionless angular frequency'

i "* adiabatic index of the combustion gas - / v

a reduced angular frequency of the oscillation

A w the specific acoustical admittanoe ratio of nozsle
r4V N 061 M the ratio of fractional variation of velocity to fractional

, -I variation of density at combustion chmber exit or entrance to
nozzle

m real and imaginary parts of 1 (0)~ ).

a integers characteriuing discrete unstable range of the volues of
sensitive time lag for a given mode

a intepers characterising the modes of the oscillation

''Y
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Le~erid of X~urea

Fim, I Specific admittance ratio i ( , i) of a nozzle with linear steady
state velocity in subsonic portion.

Fig. 2 The magnification factor of the effect of time lag spread: C I
linear distribution; ex , cosine distribution.

Fig. 3a The real part ) of the expressioni defined ia equation (3.1).

Fig. 3b The einar part Y of the expression defined in equation (3.1).

Fig, 4 Critical values of interaction index n for neutral oscillations of
reduced frequency * For systems with small time lag spread
corresponding to c 0.9.
as Fundaiental mods

b. Second mode,

71g. 5 Critical value of effective sensitive time lag for neutral oscillations
of reduced frequenoyj for systems with mall time log spread
corresponding to a n 0.9,
a. Fundamental mode
b. Second mode

Fig* 6 Stability diagram for aystems with small time log spread
corresponding to a t 0.9p n a 1,000 u a 0.213) and " - 1.20 plotted
with effective sensitive time lag ie vs. position of
concentrated combustion front.

Figo. Minimum values of interaction index a compatible with anmy unstable
oscillations vs. the magnification fu.,tor a of the time lag spread.

11g. 8 Diagram for graphical determination of stability boundary for
systems with significant amunt of time lag spread based upon
equation (14.1)

Fig. 9 Critical values of interaction index n for neutral oscillations of

reduced frequency P of the Fundamental mode with fractional extent
of time lag spread f, pIven as(a) (o. fo a , 3A (o). ,,. j (d). era.4.

Fi. 10 Critical values of effective sensitive time lag It for neutral

oscillations of reduced frequencyA of the fundamental mode with
fractional extent of time lag spread $. given asW () . to (b). 4. 0 3/4 to). 4-^ (d). too+.

Fig. Ul Stability diagram Ti vs. for fundmental mode n w 1.00, h = O,
jr u 1.20 for system with cosine type tim lag spread of different

fractional extent Go

1 U ,ig. 12 Minimum, value of interaction index n compatible with any unstable
oscillations v. fractional extent Ce of time lag spread.

m- -- I
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Fig, 13 Mjlnii value of interaction index n compatible with any unstable
osci lations vs. position ; of the concontrated combustion front
for systems with diff6rent senstlivo space la 1- g "
pndamental mods, no time lag spread and 1.20.

rig. 14 Minim value of interaction iUiex n compatible with any unstable
oscillations vs. position e of' the concentrated coabuation front

A for syStems with different sensitive space lag I -

Fundamental mode vith small time lag spread corresponding to a , 0.9
and iri 1.20.

Fig. .5. Unstable ranges of the position of concentrated cowbustion front
as defined by the. values of Ag for systems with and without time
lag spread n * 1.00. Fundamental mode.

I,

i
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1. Introduction

The stabilityv of high frequencyn small lopgitudinal disturbances superposed

an a combustion, syste In a liquid propellant rocket operating at norml or

steady state has been investigated on a linearized basis In referencoe lp 2v and

3. It Is found that the configuration of the combustion system especially

concerning the spacewise and the tiewise distributiou of combustion elements Is

of considerable Importane In determining the stability of the uaal disturbances*

It has been pointed out in reference 4 that under the assumption of instantaeous

combustin# the configuration of the combustion system can be soheuatioally

charauterised by two distribution functions defining the'sensitive tim lag"

and the "total space lag" of propellant elements when the rocket is in iteady

state operation. 7M time lag t a scalar quantity while the space lag in a

vector In general* In the simplified case of longitudinal oscillations, the

rpace lag is also a scalar which Is simply the distance from the Injector and

of the position where a propellant element is transformed into gaseous combustion

products. Owing to the oamplexities of the mathematical. formulation of the

problems previous treatments are only dealing with partioular configurations.

1n references 1 and 2 all the propellant elements are assumed to have the same

sensitive time lag and the sme total space lag in steady state operation so

that a concentrated or discontinuous ocibustion front Is formed in the

Combustion chamber in both steady and unsteady state operation.. In reference 3,

the ti e lags of all the propellant elamants are still assumed to be the same

In steady state and, the problem has been formulated for arbitrary space lag

distribution while solution of the problem has been obtained only for the

simplest extreme case of uniformly distributed space lags.



The present investigation is intended to look into the other extreme case

wherc all tha prcpullant elements are assumed to have the same total space lag

but have arbitrary distribution of the sensitive time lag in steady state. In

other words, we intend to consider a combustion systems with concentrated

combustion front where the propellont elements that burn at the concentrated

combustion front at the instant t became sensitive at different intasnts t

and in general at different distances from the injector end. The effoot of

spreading the sensitive time lag on the stability of low frequency disturbances

was shown (1) to be always stabilizing. The result of the present investigation

shows that the qualitative trend of the effect of spreading the seonsitive time

lag on the stability of high frequency disturbances in a given system is also

stabilising as compared to the corresponding system without time lag spread.

The stabiliing effort of a given extent of time lag spread is more significant

towards higher modes of oscillations and the stabilising effect on a given mode

of oscilation is larger if the extent of spread is larger.

The analysis of reference 2 for the systems with conoeiatrated combustion

front is made on the assumption that the sensitive time lag is of the order of

unity so that all propellant elements sense the variations of the thermodynmic

states of the burned gas only in the immediate neighborhood of the combustion

front. When the sensitive time lag of an element Is very large, the element

will sense the chamber oscillations during its travel through a definite spaial

range - immediately upstream of the combustion front* The effect of such

very large sensitive time lag and the effect of the spread of such large

sensitive tme lag are also treated briefly in the present paper.



3.

2. Formulation and Oeaeral Discussion

It is assumed in previous Investigations that the propellant elements before

being transformed into hot burned gas occupy little volume and hence do not

eontrJbute to tho combustion chamber pressure of the whole system. The flow of

the burned gas in steady state on both sides of the concentrated combustim

. front are not affected by the fact that' the sensitive tim' lag of different

propellant elements are different, provided that the rate of burned gas

generation at the concentrated combustion front in steady state is the same

The description of the propagation of small disturbances upstream (region 1) and

that downstream (region 2) of the concentrated combustion front are identical with

those treated In Section 2 of reference 2o The only difference between the

present treatment and that In reference 2 is the boundary condition at the

concentrated combustion front x w where the solutions in region (1) and

region (2) are joined together, With the ease notation as was used in

reference 2# the solutions in region I and region 2 are given by equations

(2,5.2) and (2. ,6) in reference 2 as,,iCo,, ]

and

(w~~~~m~ CAP 0(o15 )"/a< (OL !a,8 & 7

for region (1) and region (2) respectively. Here J is the velocity perturbation

nondimensionalised by stagnation sound speed in the burned gas and I is the

... ...... . .. . .... --,bow - - # 4- # '.w ' A , . , . V ,
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density perturbation nondimensionalized by stagnation density of the burned gas*

The constant B is defined by

(2)

with I standing for the specific acoustical admittbace ratio of oscillating gas

flow through a deLaval nozzlo. The specific acoustical admittonce ratio is the

ratio of the fractional velocity variation to the fractional density variation of

the gas entering the nozsle. This admittance ratio depends on the reduced

frequency e, of the oscillations the steady state gas velocity entering the

nozale and the geometry of the subsonic portion of the noszle. T'he values of

I ( , i) for a nousle with linear steady state velocity in subsonic part are

reproduced Crom (5) as fig. I. For this paiticular nozule, the reduced

frequency 6 is equal to the ratio of the angular frequency of oscillation and

the steady state velocity gradient in the nozle.

The first part of the bouhdary c dition at the concentrated combustion

front in still the continuity of the pressure and the density perturbations

across the combustion front at any instant* The characteristic constant

+ * w is tberefore also continuous. The second part of I.,he boundary

* condition at x a concerns with the discontinuity across the combustion front

of the velocity perturbation that is prescribed by the variation of the local

buning rate due to the variation of the sensitive time lags of the propellant

elements. Since the sensitive time lags of different propellant elements

unlike the case treated in reference 2# are different, we expect that the value

of -) 7) in the present problem is different from )Ad as given by

equation (2.4.2) of reference 2. The distribution of the amount of propellant

elements having different will enter into the expression of 7) -71

'- 5 --- " "S



The instantaneous value of the sensitive time lag' of a given propellant

element is related to its steady state value T in teims of the local gas

pressure P a-6 the position x' at the instant t' by the following integral

relation as defined by Crocco (1).

h (. t tt. 'Y(214)

Here the integrand represents the local and instantaneous rate of activation and

* the constant value of the integral represents the total amount of activation

energy that is required for the given element to start the instantaneous

combustion.

The local rate of activation processes depend on a number of physical

quantities such as the pressure, temperature, relative velocity of the

surrounding burned gaa and so forth. For m ,l oscillations, all these physical

quoatities may be correlated and the local rate of activation can be expressed

in terms of any one of theoe phyeical quantities. Following Crocco, the gae

pressure acting on the unburned element is selected as shown in equation (2*Z)o

The interaction index n therefore represents an average index of the extent of

interaction between the combustion processes and the different oscillations of

these physical quantities existing in the combustion chamber.

Zst total amount of activation energy that each propellant element would

absorb before its combustion depends also on a number of factors and in particular

the mixture ratio of this particular element. Owing to the nonuniformity of the

atomization and the mixing processes and so forth, the total amount of

activation energy as represented by the constant of the integral would be

different for different propellant elements. In the cases of conventional

+ * . .. , ' + , I t* + I • , * . .IrVo,,
.++ ' ' "+' + + ! ie' ,,I | ,'

• 14 ,+ . . ,+, *



liquid rocket engines except for the throatless motorp the chumber pressure

in steady state can be considered as uniform everywhere in the combustion

chamber. Thus the constant value of the integral can be approximately evaluated

to be s 'shown in equation (2,4) That this constant value of the integral

varies with different propellant elements means that the steady state value

of the sensitive time lag varies with different propellant elements, Te senaitive

time lags of different propellant elements are therefore expected to scatter or

spread in a certain region in the 'eightborhood of the mean value. The extent

of spread is likely to be larger for bipropellant systems as ompared to that

for monopropellant systems.

Let 2 do be the frational total extent of the spread of the sensitive time

lags of the propellant elementsg is. - I . sAE V w ith

. /. . Let f (d ) be the mount of the propellant

elements having sensitive time lags lying between + •  C I G ) and

, I (AM - 4) as a fraction of the total amount of the typial sample.

Thus f ( 4 o ) - l and f (- E0 ) - 0. This definition of f coincides with the

definition of the distribution parameter f defined in reference I in the treatment

of the chugging or low frequency case. Since we are considering only instability

of the intrinsic type where the rate of injection and the pattern of distribution

of propellant elements are independent or insensitive to the oscillations in the

combustion chamber, f ( E ) is independent of time. The fractional mount of

propellant elements having sensitive time lag lying between V and ' + is

4Ewith

The rate at which propellant elements of this category is being transfomed into

burned gas is given as

- f.



2he total rate of burned gas generation i s obtaixied by Integrating m d

over the complete range of er,

The fractional variation of the rate of burned gas generation from the steady

state value *b mz - m4 is hence

O .' 
(.,)

Differentiating equation (2 4) with respect fb t to obtain 4{., substituting

this into equation (2.6) and replacing the Instantaneous quantities by the sum of

mean quantities and their respective perturbations of the exponential type# one

obtains for equation (P.6) the following expression of the fractional burning rate

perturbation

where'? is replaced by J $ under the assumption of isentropie small oscillation and

equation (2,5) has been introduced to obtain the last expression. Both IV, and

' ' ) and the integrand are functions of 6 * f S (X) does not vanish,

equation (2.7) can be rewrittin as

-. <(28H ~C



8.

with

where C and Oe 'are real quantities.

Equating the express,,on of tractional increase of burning rate to the,
fraotional increase of the difference of the masp flow rates across the con-

centrated combustion front# and introducing the exponential form of the small

perturbationes, one obtains

which prescribes the disontinuity of the W. I.ty perturbation ac - aross

the concentrated combustion front.

If the concntrated combustion front is very close to the Injector end where

both the mean velocity and the velocity perturbation must vanish# the vel ocity
perturbation ), immediately upstream of the combustion front must be much smaller

than the velocity perturbation -g immediately downstream of the combubtion front;

i.e. i/<j n this particular case equation (2.10) becoms after

dropping the subscripts I & 2

6- + CE V"iF 0. (2.11)

By substituting equations (2.1) and (2.2) into equation (2,10) and replacing

o,, as by 2 under the approximation that U &< 1# we obtain the following

characteristic equation

for the determination uX the characteristic constant A, - .L w, of a system

with concentrated combustion at the position . Equation (2,12) is closely

Wr
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analogous to equation (4*1.i) in reference (2), De only difference between the

two is that the expression U r-c<Wt in equation (4.1.I) is replaced by

C eA [-j . Ee I in the present case,

For the determination of the stability boundary or the neutral curves with

. , c is the modulus and w,6e is the effective phase angle cf the complex

integral of equation (2.9). Hence a represents the magnification cr contraction

factor of the effect of the time lag spread and 6e represents the effective time

} lag that enters into the stability calculation of the combustion system with the

particular distribution fuction f (6 ) in question. Both d7 and f in general

depend on the type of the distribution function f (6), the extent of spread

,, , the position of the concentrated combustion front and the frequeney

of the particular mode of neutral oscil.lation. Once the dependence of d and '

an these parameters have been found for a particular distribution of time lag#

the determination of the stability boundary and the frequency of the neutral

oscillation will follow in a manner closely analogous to the procedure given In

reference 2.

Since during the sensitive time lag# the propellant elements are upstream of

the combustion front, that is, in region (1), the value of a ( ) end ( )

should be evaluated using equation (2.1). In general, A is different from
then the expression (2.9) would encounter acme singularity when 0

'i which does occur when the combustion front is located at the node of the pressure

S Ii oscillation in the combustion chamber. This is only introduced by the division

by ( which is not at all necessary except for the purpose of convenience

and comparison with those In reference (i)* The came wth a.4 will be

treated in the last section of the present paper.

We shall first consider the case whore the value of the pressure sensitive

time lag • is, of the order of unity as was treated in reference 2, Since the

velocity of the unbuned propellant elements approaching the combustion front Is

*,~' V I________
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small as compared to the small quantity ' which is the velocity of the burned gas

downstream of the front, we shall adopt the assumption, following reference (2)

that ) and that 1. Equation (2.9) then becomes simply

C,,

wheres. is replaced by 10 for the case of neutral oscillation. Then the only

complex quantity involved in the integral of equation (2.13) is eose

modulus is unity. From equation (2.*) we see that the integral of the modulus of

the complex integrand is unity, therefore we conclude that for neutral oscillationsp

and for completely arbitrary distribution of ' , we must have

C I (2.lh)

If we write the integral of equation (2.13) asi

y ~t r€ . P.4 ate. d

X do'~ 0" L~ ~ e ~wd]g

Thus if t C-a). -Is#,) , i, i) in a . ietric or even function

of 6 , the last integral for the case of neutral oscillation 4 . e p is real.

In this case#

Even function of (i) corresponds to odd function of f (a) i.e.

antisymmetrio distribution of f (;b) with respect to e , as was assmed in

reference (1) while dealing with the low frequency case and f ,was used in the

9 IfIe Integral in equation (2.1) is negative, Q should be taken as the

absolute value of the integral and Ie is not equal to I'but -r t ,

I!
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place of +afor such antisymmetric f (C). The simplast examples of such

symmetric (6.) are

om .cstant with 0-1 (A

J.co T with s
as are given in reference (I). For arbitrary stetric function (6, tho

integral in equation (2.15) can be carried out analytically by expanding A into

Fourier series and integrating term by term. The coefficients of the Fourier

expansion should of course be properly normalized so that equation (2.%) is

satisfied.

It is important to note thats for particular type of distribution function#

the value of a depends not only on the manner' of distribution f (6) but also on

the angular displaoment Of. 6, of the neutral oscillation during the time

interval of half the extent of time lag spread. In other words, a depends on the

Tatio of the total extent of time lag spread R 4, to the period of the

oscillation T. The magnitude of o remains les than unity and approaches unity

when do approaches zero as it should be. Furthermore the factor o could vanish

for particular values of the time lag spread as compared to poriod of oscillation

for each type of distribution. In equation (2.16) the value of cfor type (i)

distribution vanishes when the total extent of time lag spread o equals the

period of oscillation or any integral multiples of the periodl and 02 for type

(U) distribution vanishes when 2 1 N da equals any odd integral multiples of half

period not less than three half of the period. Since 0 is approximately integral

multiples of r and do 6 is only subjected to the restriction that 1m 64 40011

the situation that 0 =0 is not impossible.

The magnitude of c is of considerable importance in the stability behavior

of a given system as can be seen from the following qualitative consideration. In

the case of intrinsic inatability, the only excitation agent is the variation of

A + * ,+ i
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the specific rate of burned gas generation which is produced by the variation of

the sensitive time lag. Equation (2.7) shows that this variation e gas generation

rate can be divided into two parts, the iirst part is due to the pressure

variation at the end of the time lag which is the stune for all propelltnt elements

burning simultaneously at the same locatich. The second part is 'due to the
pressure variation that each element sensed in the beginning of its snnitive time

lag. The contribution of the second part in different for different ,liiv rojnts

having different time lags even if they burn together. With 'optimum timinZ, the

sum of the exciting contrib ticn of the second part is added to that of the first

part in stimulating instability. The modulus a represents the maximum tziount of

excitlr% contribution with optimum timing of the second part that is availablo

to augment the excitation of the first part, Therefore, intuitively, we see

that smaller values of c means a more stable system with optimum timing. The

fact that a is in'general less than unity (equation 2.14) when there is a

spread of tize lag indicates that the effect of the spread of time lea is alweys

stabilizing so far as the unconditional stability is concerned. The stabilizing

efect is maximized when a w o, that is when the increase of burning rate due to

the pressure variations that a group of elements sensed in the beginning of their

sensitive time lags is just balanced by the decrease of the burning rate due to

that of another group of propbllnt elements. The qualitative result that a

ua3 Zr value of c means a more stable system as obtained from the previous

physical arguments is clearly verified by the calculated results given n later

sections of the present paper.

Both 0.and 0-are plotted as shown in C igurg 2- From these two curves

.'or from equation -(2.16) directly we see that 6 is a damped oscillating

function of 4 66 and the magnitude of C is rather small compared to unity
i when M in bigger than the first zero of the f unction C I for example 7r-
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for al and T for c2 - Tis sitation 0an arise either Aheno is large for

higher modes of oscillation or when the total oxtent of the spread of time lag

2 2 go is sufficiently large as compared to the period or oscillation. Therefore

for a given fraotional extent of spread E0 unstable ranges of the values of fe

or -V, corresponding to larger integral values of h for a given mode of oscillation

is loes likely. Also for given extent of time lag spread'k. 6 o , it Is less

likely that higher modes of oscillation corresponding to larger integral values of

k could become unstable.

.1

Ii
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s. Systems with aall Time Lag Spread

Because of the dependence of C- on a and %' the determination of stability

boundary with time lag spread i6 slightly more complicated than that in reference

2. However if the tptal extent of the spread of the time lag 21 6 is

sufficiently small compared to the period T of oscillation so that Wo Is os is

a small quantity for the fundamental or the first few higher modesp, tho value of C

is nearly constant for each mode of oscillation and is close to but slightly less

than unity. For such case the determination of the stability boundary Is

considerably aimplified with the approximation a -constant for all possible

values of coA of the neutral oscillations of a given modes, The small variation

of C. due to' the small variation of cu* of th. order of M can be neglected as

higher order small quantity. In this section, we shall first consider systems

with small time lag spread.

For the determination of stability boundaryp we put . m, &a in equation

(2.12) where to is the frequency of neutral oscillations call the complex quantity

on the left hand side of equation (2.12) X + r ,

+0- A: W(3.1)

where B is given by equation (2.3) which in a function of the neutral frequency do

the burned gas velocity , and the geometry of the noassle. For given nsuls

* geometry end Vp the complex qusntity')X+. - is a function of w and only#

independent of the values of C. and fc which characterize the time lag spread.

Therefore both X and Y can be calculated for a series of values of and IM and

r  plotted as shown in fig, 3, which can be used for the determination of stability

boundary for arbitrary values of C and ,

k.i  Equation (2.12) can be rewritten as the following two real equations

elm~ (3.2),,,,, ,)~ -
;i~



T rjhe critical valuoes of the index n ot interaction and of the effective sensitive

tin Ag T, correoponding to neutral oscillations ot, frequency 6 are obtnined vs

C. I441 ) (3-3)

where the arc sine is taken in the gradront consist nt with the sign of cos U

as given in equations (3.2).

tf n io of the order of unity, equations (3.2) show tht / Y/ must be or the

order of unity because C ic less than unity. An investigation of equation (3.1)

4 lJeado to the conclusion similar to the case without time lag spread that sin 6a

muot bo of the order of M, so that tho dimensionloss frequencies of unstable

oncillationsp if any, will be close to Integral multiples of "T' with deviatin

of the order of H. In the present dlmenaonlesa schemev oscillations with

frequoncy equal to integral multiples of7rcorrespond to organ pipo modes of

pure acoustical oscillation in the combustion chamber. Since n must be real,

the range of possible values of tho frequeniees of neutral osoillationa iu

further restricted by equation (3.3) that

ior a given systom with given type of time lag distribution and the extent of

1 its spread, C is a function of 0 only. in also a function of Wd

"? ' ,i Equation (3.) then sets up both an upper and a lower limit of . When d

vanishes the frequency W of neutral oscillation is restricted to a single value
:, k ' d* where Y (0,) vanishes. When C equals unity for systems without time lag

spread, no such limits exist. Both these limits depend on the nature of the

-time lag spread and the configuration of the combustion distribution and of the

A U nozzle#

- .. ; . ". , . ' " .', ° " "' ' T " ',"'' * , = m .A ,
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As noted beore, the factor C for given type of time lag spread with fixed

- and CO ddpends not only on the X, equency W of neutral oscillation but also

on ~ which in the same as 'p for symietric -T * Therefore,equations

(3.3) and (3-4) do not give explicit solutions of n and If in general. But if,

the extent of time lag spread ' g6 is sufftuiently small so that gEo

is relativly small as compared to unity, and the variation of C. for onh mode of

oscillation due to the small variation of 40 is neglected, C can be assumed to be

f constant for a given mode of oscillation, and equations (3.3) and (34) give

directly the critical values of n and Oe L corresponding to different values of 14

in the neighborhood of certain integral multiple of "r. Since (1 is closo to
Aunity equation (3.3) can be expanded into a power series of I- C. as

ha6 C AC (i~) /~9 "~ 3.6)

which reduces to n =- when C w 1 for the cane of no time

lag spread as is given in (2). Equation (3.6) shows that the critical value of n,

with time lag spread ( c -4 1) is always larger than the critical value of n

without time lag spread corresponding to the same frequency 4 of neutral oscillationk.

For given value of C. # the minimum value of n is given by:

where. NO is determined by

Y ( .

This minimum value is always bigger than - which is the minimum

value of n without time lag spread. Typical computed results with W0 0 p7& M

o0.213 for e m 0.90 and several values of aorresponding to different positions of

concentrated combustion front is shown in figures 4 and 5. The unstable ranges
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for the effective time lag f e for systrms with n m 1 are shown In figure 6 versus

where the dotted curves indicate the stability boundary gor the case with no

time lag spread. it is clearly seen that the unstable regions of C v.s. $ tor

the case with time lag spread C a 0.9 lie entirely inside the unstable regions

for the case without time lag spread C. w 1.0. The efect of spreading the

sensitive time lag is thus found to be stabilizing in every respect. From

figure 2 j we see that for fundamental mode of oscillation half extent of the

s. time lag spread, , * is approximately 1/3 and I at C a 0.9 for the

sinusoidal and for the linear distribution respeotively. Thus, the total extent

2. . of time lag spread is nearly two third to one half of the wave

propagation time in the combustion chamber. The stabilising effect with C. a 0,9
as seen from figures 4 and 6 is not very important. The stabilizing effect will

of course increase as C. decreases when the Otant of time lag spread increases

slightly frcm the small value. The minimum value of n c.upatible with unstable

oscillations with combustion concentrated at injector end for d4ferent values

of e are given in figure 7 with nmin shown to be increasing steadily a&

decreases. The curve is shown dotted when C is considerably less than '.,ityv

because the assumption of constant C is not valid in the solution of the

characteristic value problem.

AA

*1*i'" I i
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4. Sysems with Signifiount Amount of Time Lag Spread

When the extent of time lag spread is not very small compared to tho period

of oscillations the variation of c due to the miall variation of 00 in the molution

of the characteriAstio problem is no longer negligible. The critical valuos of n

and L corresponding to neutral oscillations of frequencydo must be aolved

simultaneously frcei equations (3.2) and the equation defining c for given type of

time lag distribution. Let us consider the symmetric sinusoidal distribution

whore c is given as c2 in equation (2.16). Then, for a given frequency 63 of

neutral oscillation, the critical value of vle is given by

with

The right hand side of equation (4.1)*" }i)( is determined only by 4: for

given position of concentrated combustion, and the left hand side of equation (4.1)

is a function of Asa3 and So only. Thus both sides of equation (4.1) can be

plotted independently of each other as shown in figure 8. A graphical solution of

the citracteristic value problem based on equation (4.1) and figure 8 is found very

convenient. For neutral oscillation of frequency (0 with given value of , the

value of -Y /(lX) is read from the left hand side curve. Then carry this

ordinate to the right hand side curve ,for the selected value d and read the

critical value of wie from the abscissa. When Q'V is determineds the critical

values of ofe is immediately obtained by division and the critical' value of n is

obtained from -Y __ ____-

(3.8)

'All
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Typical computed rosults an given in figures , and 10 for systems with a

nozzle having a steady otate dimensionless velocity gradint- -TT-in its

subsonic portion so that 7T f. Thus integral values of P indicate frequencies

-of pure aooustical oscillations. In figures 9 a, b, and c the critical values of

n corresponding to neutral oscillations of' different reduced frequency parometer

are given for systems with coIbustion concentroted at different po iitions

and with different fractional extent to of time lag spread. Tn figure 10, the

critical values of *e corresponding to neutral oscillotions of differcnt

reduced frequency parameter# are given. All those curves are of similor shape

as Che corresponding curves without time lag spread given in ±igur(Js 7 omd 8 In

reference 2 except that the curves with time lae, spread are In genoral displaced

toward larger values of n nd smaller ranges of * This obviously indicates

the stabilizing effect of the time lag spread as wnpared to corresponding systems/,I.

without time lag spread. In figure U1, the unstable regions of o n ad for the

fundamental mode of oscillation k m 1 and h - 0 with n a I are shown for different

values of the fractional extent go of time lag Npread of the sinusoidal typo,

The stabilizing eff±ect of increasing 60 in reducing the unstable regiona of the

time lag l and the position of the concentrated combustion' front is clearly

illustrated. This is due to the decrease of 0 with increasing extent of time

lag spread te. GO * In figure 12# the minimum values of n for systems with

combustion concentrated at the injector end are shown to be increasing with

increasing frantional extent fo of time lag spread of a given type. All these

results confirm the stabilizing effect of the spread of the sensitive time lago

Besides this stabilizing effect, there are also several other interesting

aspects of the effect of the spread of time lag that are worth mentioning. In

figure 9a with A. -l, the value of n increases very fast from the minimum values

%,no when F is smaller than Ir- tan M14. (4i) which corresponds approximately to

n* The range of the frequencies of unstable oscillations does not extend very



far below the value of T- ton M' $ (v ) even when n is considerably larger than

nmin . In figures 9b and 9o with -o - 3/4 and j respectively, the same situation

con be observed, but less significantly. That these must occur can be seen

clearly from f£igure 8 that sin (e/ 47 - cos D) will not be more negativo

than certain value which corresponds to the smallest possible frequency of

neutral oscillation of thit mode. When to decreases corresponding to smaller

fractiexiol extent of time lag spread, the minimum value of sin d'/V ( coo )

extonds further negatively. This results in a smaller frequency limit. Whon

Ithore is no tUie lag spread no such limits exist, the unstable oscillations with

frequency much lowier than the corresponding acoustical frequency could occur if

the value of n of the propellant is sufficiently large. The existence of such a

lower limit of the frequency of unstable oscillation has also been indicatoo in

equation (3.) where the limit is not very restrictive because of the sminll otont

of time lag spread. Therefore, when the extent of time lag spread is compe'ablo

with the period of oscillation, the frequency of the unstable oscillation will not

doviate significantly, from kT r- 4 no matter how large the value of n mny be.

The increasing stabilizing offet of larger extent of time lag aprad ofa

given type leads to another interesting result that for a given value of n, and

a Civen tractional extent c f time lag spread# the unstable range of 5 for

a given mode of oscillation at large integral values of h cannot exist, and that

nmi n increases with increasing h. Results of previous analysis with no time lag

spread don O, show that fpr a given mode of oscillation to become unstable, the

pressure sensitive time lag can lie in any of the discrete ranges of values in

the neighborhood of 2h + I where h takes successive larger integral values. ThO

mnin of a given mode 'is independent of the ' " of h. When there is a given

*' ,~ fractional extent C. of time lag spread critical values of ;be corresponding to

4 successive larger values of h for a given mode lead to ouccessive larger values

ftr* , N -,a
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of 6 ) as well as W-r. Thus as a oeneral trend, the increase of of

results In the decrease in c (except for the oscillations of the values of C

with decreasing amplitude). Therefore, when h takes larger integralvalues, the

minimum value o n compatible with unstable oscillation of that mode is increased

and the unstable region of f around 2h + 'I is redude, . For example, with do - I

and n - 1, there is an uetable range of around Cc - I when h O, but

there is no unstable ranges of 'e around to -w2h + 1 when h a 1#2,0 cco

The results as given in figures 11 and 12p and that in figure 7 for the case

of simall extent of time lag spread of any type, show rather conclusivoly that

increasing extent of time lag spread stabilizes the combustion system primarily

due to the decrease of a with increasing " ,do or 2 V e /To Since 1ho

viagnituaes of a for the tWo types of time lag distribution depond only on the

par~micter T---"'-"-- * it 6an be easily, inferred without

further demonstration timt, for a given extent of time lag spread, the Otobilizing

effect is larger for higher mode& of oscillation, that is for oscillationo of

umaller period. This larger stabilizing effect of time lag spread toward higher

viodes of oscillationsp like the larger stabilizing effect of the nozzlo, helps

in eliminating the unstable oscillations of higher modes.

Also in figure 12, the values of in are given for both the linear type

and the sinusoidal type of time lag distribution. It is seen that nmin for

-*' linear type distribution is consistently larger than that for sinusoidal type.

Since linear type distribution means that equal fractional'amount of propellant

' "" ,elements are distributed in equal time lag nterval, while the symetrio

sinusoidal or the cosine type distribution indicates that more propellant elements

are distributed near the mean value of the time lag, the result as shown in

* figure 12, therefore, indicates that a more uniform distribution is likely to
have greater stabilizing effect. This last inference is, however, not

conclusive since only two specific types of distribution have been investigated.
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5 Systems with Large Pressure Sensitive Time Lag

It has been assumed in sections 3 and 4 that the sensitive time lag is

oi bhe order of unity so that the insensitive space lag 4 is practically the

s me as the total space leg a and the definition of C with 0- is

giv n by equation (2.13) instead of equation (2.9). If now the sensitive time lag

" is large, then i n3 in general slightly smnller than and S ( , ), which

io the ti n independent part of the density variation of burned gas at J,, upstresm

of the concentrated combustion 'front is not the somie as ( ) nt tho front. The

b acoustical solution as given by equation (2.1) with x V should be usod in

evaluating (, ). The quantity - is the dimensionlese di otnce travelled

by the unburned propellant elo pent during its sensitive time lag. The velocity

of the unburned elements relative to tide surrounding burned gas will be aseumod

to have been sufficiently damped out during the insensitive time lag so that the

velocity of the unburned elements 1^. approximately given by the mean burned gas

velocity upstream of the concentrated combustion front. With the schomatic

rapresentation of a concentrated combustion front, the burned gas velocity

upstream of the front i. negligibly small as compared to the burned Ca* velocity

downstream of the front which Is itself a small quantity M. The sensitive time

leg I should be, at least, of the order of / or larger in order that

is not nogligibly small compared to , Thereforep if the total extent of the

spread of the sensitive time lag of different elements is not very much bigger

than unity, P of all propellant elements can be considered as equal and

equation (2.9) defining c e can be written as

,C C. 37 (51

where C is the magnification factor of .. ie effect of the spread of sensitive time

' Ii'



lag with - not negligible. The integral involved in equation (5.) Is the

same as that in equation (2.13) defining c e t" for the case with pressure

i *sonaitive time lags of the order of unity i.e. . The effect of

large pressure pensitive time lag appeirb as a multiplying correction factor

g ( . )/S( ), p which is equal to coo ' coo wF for neutral oscillation

of frequency W * This multiplying correction factor is a real quantity.

Therefore, for a given type of time lag distribution, the effective

sonsitive time lag is related to F and 6 0 in the same manner no matter

whether the magnitude of the sensitive time lag is of the order of unity or very

large provided that the total extent of time lag spread is not too large. Xt is

only the magnification factor that is modified by the ratio 6( A)/ S ( ) i.e.

of a C The characteristic equation (2.12) for the determination of

the stability boundary remains unchanged with cI replacing c. The stobility

boundary can be determined in exactly the same manner as described in previous

zoctions. Fron the results in previous sections, the larger the magnitudc of

at is# the more unstable the system is. Therefore, the qualitative trend of the

effect of large sensitive time lag on the unconditional intrinsic stability as

expressed by the value of nmin compatible with any unstable oscillations, may

be either stabilizing or destabilizingl because a(naj/ S( ) a be either'

larger or smaller than unity depending upon the values of and

If all combustion is concentrated in the neighborhood of the injector, both

and , are .pprnimaty zero so that / remains

unity for whatever values of the sensitive time lag. The stability behavior of

such a system is not affected by the order of magnitude of the pressure sensitive

time lag for a given type of distribution of the time lag. If combustion is

concentrated in the neighborhood of any anti,-node of a given mode other than

injector end, then coo cos is always less than or at most equal to unity.
iniecto flnd fRW t o COSn,.
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Thus the system with ~.<~ is more sta~ble than the system with

everything else being the same. If combustion is concentrated in the irmediate

neighborhood of a node of a given mode, then coo w4) cos N becomes very large

when 4 Vhile the limiting value of coo w 4/ coo 01vwith . approaching

is unity. Thub the sybtem with combution concentrated at a pressure bode

is greatly destabilized by the large sensitive time lag. It is thus clearly soon

that tho effect of large sensitive time lag with lse than * doponds not

only on the position of the concentrated combustion front, that is the total

space lag of the combustion oystem, but also on the different modes of oscillation

that is being considered.

To illustrate this qualitative discussion, let us consider the unconditional

intrinsic stability of the fundamental mode in systems with combustion concentrated

&t different axial positiona. We shall restrict tho present calculation to the

cuie whore the total extent of time lag spread 2tr, d is sufficiently small 8o

that

osn be considered as constant for given values of and in the solution of

th(s ohraotoritio value problem. For this case the minimum value of n compatible

with any unstable Rundamental mode of oocillatiln is given by

* ~ ~(5-2)

with

and coo is obtained from Y (04o) 0 and can be determined from the following

relation

No 4>'k 0,t S -,3
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ror the fundanontal mode, No0 io taken in the neighborhood of 'Tr, and both R

id S are functionc o and the geomotry of the deLaval nozzle. The present

calculation is based on the values of R (eo) and S (eO) as given in figure 1 for

a nozzle with a linear steady state velocity profile of dimenAnionle8 slope 7T

in its subsonic portion and Meis taken as 0.213,

Coiputed results for the fundamenta mode of oscillation arc shown in figures

13 to 1,. In figures,13, the values of nmin are plotted versus tho position

of the concentrated combustion front for several values of - when theor is

no sproad of the time lag i.e. C - 1. In figure l, the same is plotted when

th:iro is a small sproad of the time lag with C 0 0.9. When combustion is

concentrated at the injector end both P and must vanish and the minim,'ui

voluo of n is not affected by large pressure sensitive' time lag. Tho systom

wlth combustion concentrated at injector end is still the most unstable

oonf iuration that is the configuration with the smallest value of nmmn. Whvin

combustion is concentrated in the upstream half of the combustion chamber, < ,P

the value of nj.ln is decreased by large time lag and when combustion is concentrated

in tho doi.nstroam half, the value of nnlin is increased by larao ti1me ln,.

By observing equation (5,2) that K (ej0 ) is independent of , and of time io

spread# we see that the value of nmin is increased or decreased according an

S~~~~ 7,./S() 1. Since Y. sleas than ~,the rat±i,( .'/s(

is greator than unity when and the value of nmin is expected to decrease

s shown in figures 13 and 1. The presence of time ,lag spread does not

complicate the situation. This qualitatie statement concerning the magnitude of

K the ratio of j 5(Y 4 in determining the relative unconditional

stability helps in understanding the effect of large time lag on the stability of

higher modes of oscillation especially when - Ais comparable with the wave

length of that mode.

~~ ~ "U.. ~; w ' two?
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In figure 15, the critical values that define the zegions of the positions

of the donoontratod conburtion front where the fundamental mode is always stable

when n 1 1, are ahoim for different values of the pressure sensitive space log

The stable region is soon to be shifted downstresa a compnrod to the

&itabln region when - Z and the magnliVt.a of the shift increaes when the

proeouro sensitive space log becomes largor. For higher modes of ofcillatltonn

the qualitative pictures of nmin V.s. and the stable regions of v.

in a half wave length are expected to be similar to theose given in figuro 13 to

15 for the fundamental mode, provided that - reains small compnred with

vavo length. It s hould be noted, however, that no far as unconditional intrin, ic

st.-Abiiity of a system is concerned, the values of nli of higher modes thhvn tho

fundouontal ond/or the second muodo are relatively of little importance boc.nuo

they arc expected to be lar(er due to the increasing stabilizing effect of h:i

no:le toward higher modea of oscillationa.

By comparing the values of nmin for given position of the concentratod

o,.ibuution front as given in figures (13) and (14) for c a i and C - 0.9

rolpootively, we see that the values of Nin with time lag rpread (r- 0.9) is

wn.ys the larger for any values of . In figure (15) the stable region for

oystems with c - 1, (without time lag spread) lie entirely inside the stable

region for systems with c- 0.9, (with a small time lag spread). It is thoreforo

concludedp that the stabiliuing effect of distributing the time lag as compared

* Ito the corresponding system without time lag spread is not affected qualitatively

by the order of magnitude of the sensitive time lag, be it of the order of unity,

or of the order of +or larger.

-b i'
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6. Summary of Conclusions

The stability of combustion in a liquid propellant rocket with combustion

concentrated in a narrow region at distance P downstream of the injector end
toward small high frequency disturbances ire analyzed when the sensitive time lag

* of different propellant elements are distributed in a prescribed manner. Both

the cases with dimensionless sensitive time lags of the order of unity and the

oases with very large sensitive time lags oe the order of*for larger are tr., ted.

The effect of distributing the sensitive time lag can be represented by a

magnification factor C defined by the following complex integral

where a is the absolute magnitude of the complex quantity which represents the

maximum possible amount of contribution in exciting instability due to the

variation of burned gas pressure acting on different propellant elements at the

beginning of their respective sensitive time lags. For a given geometrical

configuration, the combustion is stabilized or destabilized by the sproad of the

time lag according as 1 1. For different specific instances, the following,

conclusions are obtained:

1. When the sensitive time lag of the propellant is of the same order of

magnitude as the time required for the pressure wave to travel the length of

the combustion chamber, i.e. - 0 (1), the sensitive space lag - . is

2 negligibly small. The magnification factor c is always less than or at most

equal to unity when the sensitive time lags of different propellant elements

are different. ', system with time lags of different elements distributed In

a certain region in more stable than the corresponding system with the same

, ~'time lag for all propellant elements in having a larger value for nmin and

bnimaller unstable regions of the time lag and the position of concentrate"

, m. ++, ++ .+ -+ ....... . . ...... .. . .• -. , - I- P +

q , + ,P ., ,, 4 ++4,%t+ + P 4 I - ,
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combustion front for a given value of n of the propeAlanto The following

conclusions numbered 2 to pertain to systems with dimensionless time ag9V

of the order of unity.

2. When the extent of the time log spread is considerably les than the period

of oscillation of a given mode, the magnification factor C is only slightly

less than unity and is nearly constant for a giwen type of time lag distribution

and for a given mode of osillation* When the extent of the time Ig spread

increases the magni ude of a decreafla and the stabilizing effect increases

even though the stabilizing effect remain ,small.

3. Whon the, extent of the time lag spread is considerably larger than the period

of oscillation either due to the small period of the higher modes of oscillation

or 'due to the large extent of time ;ag spread, the magnitude of c is

considerably less than unity$ and these modes of oscillations are strongly

stabilized by the spread of time lags. Thus higher modes of oscillation whose

period is significantly lees than the extent of the time lag spread is not

likely to become unstable.

. When the extent of the time lag spread is comparable to the period of

oscillation# the stabilising effect is quite significant and increases with

increasing extent of time lag spread. The *requencies of unstable oscillations

remain in the neighborhood of the corresponding acoustical frequency and will

not be much lower than kiT - SK even when n is large.

S. For given extent of time lag spread which is small compared to period of

oscillation# a system with propellant elements uniformly distributed in the

range of time lag spread is more stable than a system with elements

distributed according to consine law where more elements have time lags in' the

neighborhood of the mean value.

S X
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6. When the sensitive time lag of the propellant is moh larger than the time

required for the pressure wave to propagate the chamber length, i.e.
T;'7 0 (1) the qualitative stability behavior of the systen is essentially

similar to that of the corresponding system with 0 (1), only that the

stable region& about each node for given value of n are shifted downstream.

For a given position o of the concentrated combustion front# the system with

very large uensitive time lag is more stable or lesu stable than the

corresponding system with sensitive time lag'D a 0 (1) according as

6 (~ ),d~ ( / ~?I .The effect of spreading the pressure sensitive

time lag on the stability of the system as cempared to a correuponding system

without time lag spread is in general stabilizing as described in items 1 to

Sfor the case when the duensionless pressure sensitive time lag V is of

the order of unity*

'41:1
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